In core structural materials of next generation reactors such as a liquid-metal cooled fast breeding reactor and a supercritical-water cooled thermal or first reactor, materials' degradation behavior by neutron irradiation damage and thermal (cyclic) stress should be considered with fair accuracy in design process (including maintenance and repair plans), because the materials are used under higher temperature gradients and higher neutron flux fields than those in the present light water reactors. In the current experiential design rules, service lives of core structural components were determined by the materials degradation such as the increase of ductile-to-brittle transition temperature after post irradiation examination data. However, other materials degradations such as irradiation-assisted stress corrosion cracking (IASCC), which occurs by the degradation synergistically interacting with radiation hardening, local chemical composition change, swelling and radiation creep, should be considered reasonably in the design process of the next generation reactors, because of the anticipation of the beneficial effects by synergy of radiation damage. The radiation hardening and local chemical composition change at grain boundaries due to radiation-induced segregation increased with increasing dose. Above some threshold dose, swelling increased rapidly with increasing dose. Residual stress due to thermal stress and welding procedure decreased with increasing dose. To predict material failure by IASCC with reasonable accuracy, in this study, each material degradation phenomenon with different dose dependence was modeled with consideration of radiation induced stress relaxation. And then the models were integrated to simulate the failure behavior for the duration of reactor operation period. In this paper, the models obtained by ion-irradiation experiments and compared by data from neutron irradiation experiments were presented, and the concept of our new evaluation method and the programming code for the failure simulation were outlined.
Introduction
Next generation reactors such as Gen IV demand greater efficiency of electric power generation, extreme reliability and safety, and economy. For the next generation reactors, it is suggested that the supercritical water cooled thermal or fast reactors (1) and the liquid metal cooled fast breeding reactor have better conversion of thermal output to electric power using a steam turbine (2) . In these reactors, core structural materials will be exposed to intense radiation field and higher thermal (cyclic) stress during these reactors service period. Especially in high temperature reactors, thermal stress is induced by the temperature difference of inlet and outlet coolant. Of course, other residual stress is introduced during welding process in the structural materials. Therefore, the core structural materials in the next generation reactors will be used more severe conditions than those in light water reactors (LWRs).
In the present design and maintenance criteria, the failure of the components is prevented by considering the experiential safety factors and the expected long term deterioration behavior of in-core materials which is obtained by both the accelerated irradiation and post irradiation mechanical experiments. These experiential design criteria should be reasonable to predict the service life of a structural component such as reactor pressure vessels which was determined by the materials degradation judged by the increase of ductile-to-brittle transition temperature after post irradiation experiments data. However in material degradation and damage prediction resulted from synergistic and complex interaction of radiation damage in materials, aggressive corrosive environment and high residual stress field (mainly secondary stress), the experiential design criteria will be not suitable one, because when the material degradation and damage such as irradiation assisted stress corrosion cracking (IASCC) experienced in LWRs was considered in the criteria, high rigid and large structure might be required to prevent component failure. In such a structure, additional failure mode might appear by thermal creep-fatigue, thermal stress, and imperfection of the structure thickness, etc.
We tried to develop a concept of new evaluation method of material degradation considering synergetic effects of radiation damage in order to evaluate the material damage with fair accuracy and rationality. By the evaluation method, the material degradation behavior by the radiation hardening (RH) or embrittlement and the localized corrosion due to radiation induced segregation (RIS) and the stress relaxation behavior by the thermal and the radiation induced stress relaxation (RISR) were combined with a consideration that these behaviors had different dose (or time) dependence. If this new concept was reasonable and practical, it was possible to make a reliable and economical design criterion and an in-service inspection and repair plan based on an evaluation integrating the degree of material degradation, the service condition and the applied loads at each structural component. This concept is different from the experiential design rules, because of consideration of synergistic effect of radiation damage.
In this paper, we firstly introduced the concept of new evaluation method of material degradation, secondly showed the results of material degradation behavior with residual stress (secondary stress) obtained by accelerated experiments using ion irradiation method (3, 4) , thirdly modeled each material degradation behavior and stress relaxation behavior by comparison with neutron irradiation experimental data obtained by no loading and no deformation constraint (5) , and finally presented the simulation method by integrating the each model in order to predict the time dependent damage initiation behavior of structural materials by IASCC
Concept of new evaluation method of material degradation considering synergistic effects of radiation damage
Figure 1(a) shows the dose dependence of the material degradation behavior such as RH and RIS, the stress relaxation behavior such as RISR. RH (green line) and RIS (red line) increased with increasing dose (6, 7) . Residual stress (blue line) induced by welding process at the heat affected zone (HAZ) decreased with increasing dose (8, 9) . Swelling increased rapidly above the threshold dose (10) . Each irradiation effect has the different dose and temperature dependence in particular; swelling occurs at higher temperature and dose side, on the other hand, the swelling caused the swelling-induced tensile stress at lower temperature side of the structures when those deformations are constrained. The stress relaxation will reduce the damage possibility due to the embrittlement and plastic flow localization at the lower temperature sides, on the other hand, the swelling-induced tensile stress will enlarge the damage possibility of stress and strain localization especially at notches and flaws. When we considered experiential design and maintenance criteria based on the loss of structure integrity due to material degradation behavior, it had to be judged that above the threshold dose, materials could not be possible to use for structure. For example, IASCC initiation susceptibility evaluated only from material degradation behavior has a dose dependence indicated by black dot line in Fig. 1(b) . By the relaxation of thermal and radiation enhanced process, residual stress at HAZ decrease. Since the tensile stress above the threshold one is necessary to IASCC initiation (11) , the dose dependence of susceptibility to IASCC initiation will vary from a black dot line to a red dot line. Moreover, when the enhanced relaxation of the residual stress by thermal stress relaxation and the suppression of RH are expected at higher temperature range, the dose dependence of the initiation susceptibility will decrease at low dose range as shown by a red solid line in Fig. 1(b) ). 
Experimental procedure
In order to examine the applicability of the above-mentioned concept, type 316L stainless steel (SS) specimens were irradiated by 12 MeV Ni ion beams with and without a residual stress. The chemical composition of type 316L SS used in this study is listed in 
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(a) （ｂ） Stress relaxation due to thermal creep of the specimens was parallel to the rolling direction. The specimens were solution annealed at 1030ºC for 30 min, and then water quenched. Irradiation surface of these specimens was prepared by mechanical and electrochemical polishing. Ion irradiation experiments were performed using the tandem accelerator at the Takasaki branch of Japan Atomic Energy Agency (12) . Specimens were plastically deformed by means of a bending constraint jig ( Fig. 2 ) during the irradiation. Plastic strain of the irradiated region in bent specimens was calculated to be about 2 %, so that the initial residual stress was in 0.2% offset stress level. As seen in Fig. 2 , both deformed and undeformed specimens were irradiated simultaneously using the jig. The calculated displacement damage distribution (13) is shown in Fig. 3 . In this study, irradiation dose of the specimen was represented by the average displacement damage over the damaged area. The displacement levels ranged from 1 to 45 dpa, and the damage rate was 0.57-1.6x10 -3 dpa/s.
Irradiation temperature was 330, 400 and 550ºC which was measured by an infrared pyrometer.
(a) Schematic illustration of jig (b) Photograph of specimen holder Fig. 2 Specimen holder for bending constraint during ion irradiation experiments Fig. 3 Depth distribution of displacement damage and Ni-ion concentration calculated by SRIM code (13) On the surface of the irradiated specimens, the hardness, electrochemical corrosion behavior, microstructure and microchemistry, residual stress, swelling and IASCC susceptibility were examined by a nano-indenter, a single-loop electrochemical reactivation method according to ASTM G108-92, transmission electron microscopy (TEM) with energy dispersion X-ray analyzer (EDX) and the three-dimensional atom probe (3DAP), X-ray diffraction method, surface step measurement by using an atomic force microscope, and bent-beam SCC test in high temperature water at 330ºC with dissolved oxygen of 10ppm, respectively. Details of the experimental method and results were described in references (3) (4) (5) .
Comparison of data with neutron irradiation experiments and modeling
In the following all graphs, data from undeformed specimens and bent specimens are plotted by the red square symbols (red line) and the yellow triangle symbols (black line), respectively. These lines are modeled as a function. Data from neutron irradiation experiment without any stress are also plotted by blue diamond-shaped symbols (blue line).
The dose dependence on RH with and without bending constraint is shown in Fig. 4 . After 330ºC irradiation, RH of bent specimens was much smaller than that of undeformed specimens below 12 dpa (Fig.4(a) ). The data of RH of undeformed specimens shows an equivalent data trend of neutron irradiated specimens. Irradiation temperature of the neutron irradiated specimens ranged from 250 to 340ºC. After 400ºC irradiation, slight suppression of the increase in RH of bent specimen was observed below 12 dpa (Fig.4(b) ). The data trend of RH of specimens without bending was similar to that of neutron irradiated specimens (irradiation temperature: 350-480ºC). In both 330 and 400ºC irradiation data, the dose dependence of RH was expressed as an exponential function, because the RH was mainly dependent on the nucleation and growth of dislocation loops and precipitates which saturated at higher dose range (14) . The exponent was considered to be dependent on not only dose (dpa) but also other parameters such as temperature, materials and initial residual stress. The RH behavior can be modeled as follows;
where σ 0.2 is 0.2% proof stress after irradiation, σ 0 is initial stress, dpa is a unit of dose, A and n are parameters. In this equation, n of bent specimen is smaller than that of undeformed specimen. After 550ºC irradiation, effect of residual stress on dose dependence of RH was complex. However, the data trend of RH in specimens without bending was equivalent to that of neutron irradiated specimens (irradiation temperature: 500-575ºC). Improvement of the model equation (1) is necessary. Reference data : 500-575℃ Undeformed : 550℃ Bent : 550℃ Figure 5 shows the dose dependence of RIS on ion-irradiated specimens with and without bending constraint. The dose dependence of Cr depletion at grain boundaries (GBs) was not clear from data by 3DAP analysis. Therefore, the electrochemical corrosion test results were compared, since the electrochemical corrosion behavior was able to represent the segregation behavior due to local Cr depletion. The trend of dose dependence on electrochemical corrosion behavior was considered to show the reverse tendency to that of Cr depletion at GBs. After 330ºC irradiation, corrosion resistance of undeformed specimens decreased until saturated value at ion-irradiation to about 6 dpa. The reverse tendency of this dose dependence was equivalent to that of Cr depletion at GBs of neutron irradiated specimens (Irradiation temperature: 275-343ºC). On the other hand, the deterioration of corrosion resistance of bent specimens was suppressed until about 12 dpa (Fig.5(a) ). After 400 and 550ºC irradiation, however, beneficial effect of residual stress on the suppression of the corrosion resistance was not observed as shown in Fig. 5(b) and (c). From these results, Cr depletion at all irradiation temperature range was modeled by exponential function as follows;
Where C Cr is Cr concentration at GBs after irradiation, 0 Cr C is initial Cr concentration at GBs, A and n are parameters. In this equation, n of bent specimen at 330ºC irradiation is smaller than that of undeformed specimen. For the model of 550ºC irradiation, data points from neutron irradiation experiment is less, and GB migration occurs at this temperature (15) .
Therefore, the above model may not be suitable to predict the RIS behavior above 550ºC.
(a) 330ºC irradiation (b) 400ºC irradiation (c) 550ºC irradiation Fig. 5 Model of dose dependence of RIS on ion-irradiated specimens with and without bending constraint Figure 6 shows the dose dependence of RISR on ion-irradiated specimens with bending constraint. Though the data from neutron irradiation experiments are limited in the low dose range, the tendency corresponded that of ion-irradiated specimens. Data from neutron irradiation experiments was collected from open literatures, and the irradiation temperature ranges are 288-297ºC for 330ºC ion-irradiation, 370-433ºC for 400 ion-irradiation and 525-529ºC for 550 ion-irradiation, respectively. RISR behavior is expressed as following 
where σ is residual stress after irradiation, σ 0 is initial stress, C is creep parameter and E is elastic constant. The dose dependence of swelling is shown in Fig. 7 . After 330 and 400ºC irradiation, swelling was not observed in this study. Data from only neutron irradiation experiments were plotted in Fig. 7(a) and (b) . At 550ºC irradiation, swelling was observed in specimens ion-irradiated to 45 dpa with and without bending constraint, as seen in Fig. 7(c) . The swelling of bent specimen was the same to that of undeformed specimen. Fast dose rate of ion-irradiation experiments might affect diffusion and recombination behavior of point defects, so that the swelling was very low at low temperature. (c) 550ºC irradiation Fig. 7 Model of dose dependence of swelling on ion-irradiated specimens (continued) According to the above comparison of data from ion-irradiated specimens with data from neutron irradiated specimens, it was suggested that the residual stress resulted from bending constraint was beneficial effects on the suppression of RH and RIS. In addition, by a comparison of neutron-irradiation and ion-irradiation experimental data, it was clarified that the characteristics of dose rate dependence for each damage phenomena were not so significant. Simonen et al. calculated the effects of dose rate on microstructure and microchemistry, and leaded to the conclusion that results obtained by the state-of-the-art rate equation model did not show the significant influence of dose rate (16) .
Integration of the models for each material degradation trend and simulation of material fracture behavior using FEM program
Integration of the models for each material degradation trend
Since the effects of dose rate were not so strong (16) , in this paper structural material facture behavior due to IASCC was developed by the integration of the each elemental modeling equations (1)-(3) for RH, RIS, RISR and Swelling. A function of fracture condition due to IASCC was constructed from the integrated models, and was compared with IASCC behavior obtained by bent-beam SCC test results in high temperature water. The other functions for fracture conditions were also considered. For short time true stress-true strain behavior, the following fracture criteria were adapted. True stress-true strain of irradiated austenitic stainless steel was expressed as Swift type equation as followings (17) ;
where σ and ε are true stress and strain, ε irrad is additional strain to compensate the increase of RH with strain, and n is work hardening exponent. It was suggested from previous studies (17) (18) (19) , the n was not dependent to irradiation dose till the 0.2% proof stress exceed the true stress where plastic instability initiation stress was larger than the 0.2% proof stress (17, 18) and a little effect of irradiation temperature was observed at 550ºC irradiation (19) . At this irradiation temperature, carbide and phosphide precipitated, and then the effect of solid-solution hardening did weaken. This was simulated by long-term aging heat treatment (19) .
The plastic instability initiation stress after irradiation was also as same as that before irradiation (20, 21) . Figure 8 shows the temperature dependence of true stress at plastic instability initiation of unirradiated type 316L SS. If the stress at cracks and flaw tips was larger than this true stress, it was judged that cracks could initiate and propagate. If the RIS at the tips was large enough to accelerate corrosion behavior and the stress at the tip was larger than the criteria stress (11) , it was judged that IASCC could initiate and propagate at the tip. Since the stress at the crack tip will decrease with increasing dose due to RISR, this influence was also sequentially corrected every calculation step time. 
Simulation of material fracture behavior using FEM program
Since the elemental models have the dependence of parameters such as initial residual stress, temperature and dose, the distributions of them had to be considered in our concept to adapt the models in the deformation-constrained core internal structure such as a core shroud. Therefore inter-and extrapolation of output results from each elemental model should be considered in simulation of stress distribution in the structure. For this purpose, simulation model needs other input conditions as follows: (a) total analysis time and time step in the analysis condition, (b) temperature, dose rate and initial residual stress distribution at each position, (c) non-dose dependent mechanical properties such as Young's modulus.
The most important input conditions are the threshold stress and corrosion resistance condition in IASCC initiation, the unstable and unexpected deformation, and very low ductile fracture by local shearing. In the simulation program, these conditions were changed easily by graphic user interface (GUI) subroutines.
An example of the above simulation image is shown in Fig. 9 . Based on the finite elements method (FEM), synergistic effects of radiation damage and stress relaxation by thermal and radiation enhanced process on materials degradation is calculated by the code on the typical core internal components such as a core shroud with different neutron flux (and fluence) and temperature at place to place. Artificial flaws were introduced at center line and near weld joints of down comer side of the shroud. The residual stress at HAZ was applied in this simulation model based on the experimental and calculated data (22) . By FEM calculation, stress redistribution at crack tip will be predicted. We will try to simulate the IASCC behavior at the flaws considering synergistic effects of radiation damage. Example of stress distribution near welding line without radiation damage 
Conclusions and future plans
A new concept of reasonable and practical evaluation method for materials damage considering radiation hardening (RH), deterioration of corrosion resistance due to radiation-induced segregation (RIS), swelling induced stress and stress relaxation by radiation enhanced and thermal process was proposed for material fracture prediction during service period of next generation reactors.
In this study, we derived the dependence of dose and irradiation temperature on RH, RIS, swelling and radiation-induced stress relaxation (RISR) by using ion irradiation technique with and without bending deformation constraint during irradiation. As a result, it was found that the increase of RH of bent specimen was suppressed below temperature of 400ºC up to about 12 dpa. Local corrosion resistance related to RIS was also improved with bending deformation constraint. By considering the synergistic effects of radiation damage phenomena, a new evaluation method for materials damage was developed and that may be possible to apply as the new structural design concept.
In future works, we do simulation works using the developing program code which takes account of radiation damage.
